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Outline

Yukawa puzzle
Flavored Higgs interactions: Dim-4
Higher-dimensional interactions

Backup: Higgs physics and Flavor anomalies



Flavor symmetries

o M sansYukawa /

Three identical copies of five
gauge representations:

q,U,D, | E 4 (@7(}/ .J.A.c,,

UB), X UQR)y X UQR)p X UB) X UQ)g

7 ‘R‘ '{]zj ‘(’,}f"‘ L. c.
+ Bél*~ v ip)



Flavor symmetries

Yukawas break U(3)° -



Flavor symmetries

FM sansYukawa: U(3), X U)X U3)p x U3),; x UB)y

~ Ly = GY"HU + gYV'HD + [Y°HE

Flavour breaking + EWSB —
Fermion masses and mixings

y*=@33,1,1,) v'=@3,1,3,1,1) Y°=(,1,1,3,3)

QiM: U(l)g x U(1), X U(1), X U(1),

No proton decay nor cLFV



The Yukawa puzzle

o Use U(3)’ transformation and a singular value decomposition
to start in a basis

— Ly =gV V'"HU + gY’HD + [YV°HE

Hierarchy Alignment
1 <::> y“ Ye ye Y*/Y?
1 02 023

102 () b B
@ @ The CKM mixing
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© The origin of flavor?



Peculiar Y*%¢ = Approximate accidental symmetries

e CP is an approximate accidental symmetry

S(det([YIY, YUY ])) =
S det[Y?, VIY2V] =~ 6(107%)

AN

Hierarchy+Alignment



Higgs Boson Interactions

In the SM
Hy—>v+h
h _ . _
Lyuk = — ;(me€L€R+mMMLHR‘|‘mTTLTR
+my UL UR + MeCL CR + Myt tp + madr dr + msSE SR + mp b, br + h.c.)
< h ¢ Diagonal

¢ Non-universal

) ¢ Proportional to the fermion masses

e Real In the mass basis
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Higgs Boson Interactions
Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!



Higgs Boson Interactions
Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!

In general, the Higgs boson can have couplings that are nerther

proportional to the mass matrix nor diagonal, nor CP conserving,
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Higgs Boson Interactions
Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!

@ JHDM example

Add another Higgs doublet H; where i = 1,2
~ZLyuk =fY{HiF

Mf —_ Y{Vl + Y§V2

h=h; cosa+ h,sina

In general, the Higgs boson can have couplings that are nerther

proportional to the mass matrix nor diagonal, nor CP conserving,
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Higgs Boson Interactions
Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!

e JHDM example e SM EFT example
Add another Higgs doublet H; where i = 1,2 Add a dim-6 SM EFT correction
Lyva =fY HF % FY/ HF : FY)HF H'H
— Ly =SV H; Ly =/ +—f
Mf val + YfV2 V2 V2
| M <Y + YV — h: Y +37V—
h=h,cosa+ h,sina L2 A2 . 2 A2

In general, the Higgs boson can have couplings that are nerther

proportional to the mass matrix nor diagonal, nor CP conserving,
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Higgs Boson Interactions

Test it! / ’
d;

® Diagonal couplings!
o Off-diagonal couplings?

e CP violation!?
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Flavor physics of the Higgs Boson

Diagonal couplings

K, = 1.43 +0.23, ky, = 0.60 + 0.18, K, < 6.2,
K, < 65, ky < 1.4-10°, K, < 3.0-10°,
K, = 0.88 + 0.13, k, = 02703, ko < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group
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Diagonal couplings

K, = 1.43 + 0.23, K, = 0.60 + 0.18, ke < 6.2,
K, < 65, ky < 1.4-10°, K, < 3.0-10°,
k. = 0.88 + 0.13, k, = 02703, k. < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
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| Diagonal couplings

K, = 1.43 + 0.23, Ky = 0.60 £ 0.18, K, < 6.2,
K, < 65, kg < 1.4-10°, K, < 3.0-10°,
k. = 0.88 + 0.13, R, = 02703, ko < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
- Light Yukawa Is a pressing issue!l Q: |s the same mechanism at work!
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| Diagonal couplings

K, = 1.43 + 0.23, Ky = 0.60 £ 0.18, K, < 6.2,
K, < 65, kg < 1.4-10°, K, < 3.0-10°,
k. = 0.88 + 0.13, R, = 02703, ko < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
- Light Yukawa Is a pressing issue!l Q: |s the same mechanism at work!

e (Charm Yukawa

® [xclusive Higgs decays to mesons:
1407.6695, 1406.1722, 1505.03870

® Vh associated production:
1503.00290,1505.06689,1505.06689

® Higgs differential distributions:
1606.09253, 1606.0962 |

HL-LHC sensitivity O(y,) 17



Diagonal couplings

K, = 1.43 + 0.23, Ky, = 0.60 & 0.18, K, < 6.2,
K, < 65, kg < 1.4-10°, K, < 3.0-10°,
K, = 0.88 4 0.13, R, = 02703, ke < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
- Light Yukawa Is a pressing issue!l Q: |s the same mechanism at work!

e (Charm Yukawa e Muon Yukawa
® [xclusive Higgs decays to mesons:
1407.6695, 1406.1722, 1505.03870 1.2 £ 0.6, ATLAS 2007.07830.
® Vh associated production: 1.2 + 0.4, CMS CMS-PAS-HIG-19-006.

1503.00290,1505.06689;1505.06689

® Higgs differential distributions:
1606.09253, 1606.0962| The observation at the end of Run 3?

HL-LHC sensitivity O(y,.)

—_
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https://arxiv.org/abs/2007.07830
https://arxiv.org/abs/2007.07830
https://cds.cern.ch/record/2725423?ln=en
https://cds.cern.ch/record/2725423?ln=en

Off-diagonal couplings

Quarks

- Neutral meson mixing provide stringent constraints

K—RKR Br(h—sd+ds) <42x10"

D—D Br(h— ci+uc) <3.7x107°

B-B  Br(h—bd+db) <1.7x107°

B _B Br(h b5 SB) <13 x 10_3 1610.07922, Section IV.6.2.c,
) ) )

LHC Higgs Cross Section Working Group
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| Off-diagonal couplings

Quarks

- Neutral meson mixing provide stringent constraints

K—K Br(h—sd+ds)<42x10""
D—D Br(h— ci+uc) <3.7x107°
B-B  Br(h—bd+db) <1.7x107°
B,—B, Br(h—bs+sb)<1.3x107°

- Top decays and tH production

Wg:
t
b

A A

PN &

1404.1278

20

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

Br(t - ch) < 0.11%
ATLAS, 1812.11568

Br(t —» ch) < 0.47 %
CMS, 1712.02399



Off-diagonal couplings

Leptons

(. —» €7y implies stringent constraints on h — pe
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Off-diagonal couplings

Leptons

(. —» €7y implies stringent constraints on h — pe

® For h — tu and h — te the best constraints are from
Higgs decays

Br(h — tu) < 0.25 % Br(h — tu) < 0.28 %
Br(h — 7e) < 0.61 % Br(h — 7e) < 047 %
CMS 1712.07173 ATLAS 1907.06131

[For New Physics Models Facing Lepton Flavor Violating Higgs Decays at the Percent Level see 1502.07/784]
22



" CP violation

o FDMs
y
t
h,/ 7,4
.
€ € €

|310.1385, 1503.04830, 1510.00725
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" CP violation

e EDMs e FDMs versus LHC interplay
0 < Y l.C".’d’."? ..........
Higgs prod.
04
t
Hg EDM
b/ "4 - tr. EDM
- neutr.
e e e e 00~
1310.1385, 1503.04830, 1510.00725 _02!
-04

1310.1385
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Higher-dimensional interactions

e+

Example: h—2e2p .

Decomposition of the (helicity-conserving) amplitude:

A=t S S (@) n) %

Ju
e=er,eR W=[L AR H
B _ oo, B afpo
2 92 5 o G192 g q2 g1 2 92\¢ 2041
[Ff”(ql,%)g“ﬁ + F3 (a1, 43) 5 + F, M (a1, 43) S
my my

Momentum expansion of the form factors around the physical poles:
- Smooth kinematical distortions from the SM (heavy NP)

Higgs PO framework
1412.6038, 1504.04018,
1512.06135, ...
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Higher-dimensional interactions

Example: h—2e2u

e+

Jo
_ 2m?, _ .
TOA=IE D (@ne) ()

€=€L,€R U=HL ;MR

B _ 4a0q, B afpo
. q1-q2 9% — Q1 £ 42091
H , [Ff“(Qf,qg)gaﬁ+F§“(Q%7Q§) 5 + FM (g3, 63) =
u

my my

Momentum expansion

A=TZ ST (e (mn) %

€=€L,¢R UL=HKL MR

9595 €ze Gy €zn 9% > B
K77 -+ -+ g+
[ ( Pz(qi)Pz(q5) m% Pz(q3)  m3 Pz(q7)

e M e 2 2 af __ o, B
979 SML1L ( eQu9% eQeg’, ) SM-11, € QeQu) q1-q2 g 72“q1
+ | ezz + Rz~€ + + KA~ € +
( Pz(¢3)Pz(q3) 4 ¢Pz(q)  ¢iPz(43) i 4195 m,
+ <€CP 9597 CP( eQuiy , eQely >+€CP62Q€QM) 6“5”"Q2pmo]
Y A
Pz(¢7)Pz(¢3) "\ &Pz(¢})  4iPz(q3) gl m
2\ 2 2 .
Inthe SM: kx — 1, ex — 0 Pz(q°) = q* —m7 +imzl'y
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Higher-dimensional interactions

Example: h—2e2u

e+

Jo
_ 2m?, _ .
TOA=IE D (@ne) ()

€=€L,€R U=HL ;MR

B _ 4a0q, B afpo
. q1-q2 9% — Q1 £ 42091
H , [Ff“(Qf,qg)gaﬁ+F§“(Q%7Q§) 5 + FM (g3, 63) =
u

my my

Momentum expansion

,2m2 B _
A=i—L % > (Ere)(@pu) X
F e—el er n=pipnr Flavor

e M e €
9%97 €ze Uy €zn 9% > of
K77 —+ - g+
[( Pz(qi)Pz(q5) ~my Pz(q3) m3 Pz(q7)

e M e 2 2 af __ o, B
979 SML1L ( eQu9% eQeg’, ) SM-11, € QeQu) q1-q2 g 72“q1
+ | ezz + Rz~€ + + KA~ € +
( Pz(¢3)Pz(q3) 4 ¢Pz(q)  ¢iPz(43) i 4195 m,
+ <€CP 9597 CP( eQuiy , eQely >+€CP62Q€QM) 6“5”"Q2pmo]
Y A
Pz(¢7)Pz(¢3) "\ &Pz(¢})  4iPz(q3) gl m
2\ 2 2 .
Inthe SM: kx — 1, ex — 0 Pz(q°) = q* —m7 +imzl'y

27



Higher-dimensional interactions

h- WW* h—ZZ* h—Zy, h-yy

h
Neutral currents T T
h = eteutur
_’ * ) * } €6 9
h = ptrped - “Flavourful contact terms
h = eteete-
ereee e Also in production g,q; = hV
h = yete 1512.06135
h — yu*ur
h = vy 11
Symmetry limits:
Flavour Custodial symmetry
Charged currents universality o = eyt 2oy b st
h— e*,Ll'VV €Zer = €2Zpy > Sty = cfuegg—l—QCwaegi—l—sfuegf,
h — e'u+vv 7 €Zer — €Zup > - _g <\/§€Wei +26w€Zei> ’
€Zve = €Zu, 9 " "
Cw
€EWer, — EWpup - EWeE — E(EZV}“ - 6Ze%) )
N. & C. interference
h — etevv CP conservation
h — U u1+vv 2 L = E%D = egf = e%@v = Imew., = Imey,, =0
Compared to only 4 parameters in 1412.6038

the present “kappa-framework” 28



Higher-dimensional interactions

Linear effective field theory: SMEFT

« Higgs boson is a part of SU(2)_ doublet field H

* Leading effects expected at dimension six

1
Lerr(x) =Lsm(x) + FC()'(ZE) L

2m VA

“Contact term” €zp = — (5ng — (3T} + s5Y) 13091, + thf]_35/{,,y)
Higgs PO e R
constrained Z 4

from non-Higgs iz NG AN
processes o < gl < 1073

LEP | [Efrati, Falkowski, Soreq]
(e.g. EWP data) a1 o= 102

LEP Il [Falkowski, Riva]
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Backup



Hot topic in flavour physics: Muon Anomalies

b — sup )
(& —2),
b — see
I | 1 ] ] I ] L ] ] I L |
BaBar )
- 0.1 <¢*><8.12GeV-/c?
[PRD86032012] BNL g-2 : o—
: BslC, < 60 Geves
. 1 U< g-<0. evVi/c
o ' |JHEP(<3(2()21)1()S| ( FNAL g-2 4 ®
< 4.20 >
; LHCb 9 fb"' ® —e
310 e : 1.1 < ¢*<60 GeV“/c*
. : [LHCb-PAPER-2021-004] Standard Model Experiment
| ‘ | Average
0.5 1 15 175 180 185 190 195 200 205 210 215

R
* a,x 10 - 1165900

LHCb, CERN, 2103.11769 The Muon g-2, Fermilab, 2104.0328|
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A model of Muon Anomalies

o SMx U(l)B_3LM gauge symmetry

AG, Stangl, Thomsen, 2103.13991

Muon force

Muoquark

32



A model of Muon Anomalies

o SMx U(l)B_3LM gauge symmetry

AG, Stangl, Thomsen, 2103.13991
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Muon force

Muoquark



A model of Muon Anomalies

o SMx U(l)B_3LM gauge symmetry

AG, Stangl, Thomsen, 2103.13991

SUB)| SV | UU)y | U3,

Gl 9 2 /e /4

M 2 -ln, | <0,-% 04
SM e Q | 2/3 /4

L1 93 l -3 /3

A | 0 20 ,-% 0§

AN l ~| <0,"5, 0]}

H l 2 I, O

D j l O 3

34

Muon force

* Minimal type-| seesaw
for the neutrino masses

Muoquark



A model of Muon Anomalies

o SMx U(I)B_3Lﬂ gauge symmetry

AG, Stangl, Thomsen, 2103.13991

SU3) | SV | Ul)y | Ug-ar,

o3 9 2 /e /4

Lo 2 -, | 0,-%, 0}
SM !l B ] 2/3 /4

| 3 l -l /4

ve | ! l 0 20,5 0%

el |\ | ~| 20,y 0%

+ ! 2 7 O

D n | 0 3

S| B 3 73 3/3

Muon force

Muoquark

<> Q, LS,



A model of M
Muon force

Jon Anomalies
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A model of M
Muon force

' E
— (g—-2) LHCb v
| Borexino BaBar "X/
CCFR NA62 g mﬂ I
NA64 7 /
10—4 _
_— gX
><j .
)

104 ~
 e=gx/10

102 101 100

mx [GGV]

103

Jon Anomalies
Muoquark

o What U(l)Xﬂ does to a leptoquark?

® |nteracts only with muons

<> Q, LS,

e No proton decay up to dm-6

oes] oosié
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Implications for Higgs physics: Muoquarks

® [he Higgs portal
L1.q = — AmlH|*|S1|* — Aus|H|?| S5

® At one-loop

h— gg
h — yy

38



Implications for Higgs physics: Muoquarks

® [he Higgs portal

L1.q = — AmlH|*|S1|* — Aus|H|?| S5

e At one-loop

h— gg
h — yy

e Rather weak constraints for a
TeV-scale LO ol Mi=My=1TeV

39



Implications for Higgs physics: Muon force

Ve = —py|HI? — pg|®)° + sAm|H|*
+ e |P* + Nop |PI°|H |7

o From (g —2), we have gy ~ 10~* and my, € [10,200] MeV.

v = V2mx/|lqalgx ~ 60GeV/|qo)

40



Implications for Higgs physics: Muon force

Ve = —py|HI? — pg|®)° + sAm|H|*
+ e |P* + Aop |P°|H |7

o From (g —2), we have gy ~ 10~* and my, € [10,200] MeV.

v = V2mx/|lqalgx ~ 60GeV/|qo)

e Mixing between real scalars & and @.

s X = U U Aom» Ao .
AE ey h — [0V
Ap ¢ —>XX

® [his scenario has a chance to leave observable imprints in the overall Higgs
couplings or in the invisible Higgs decays.
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